Abstract Atypical teratoid/rhabdoid tumor (ATRT) is a rare embryonal tumor of the central nervous system with preponderance in very young children, the majority of whom are younger than 3 years of age at diagnosis. Historically, outcomes of this aggressive disease, even with extensive multimodal therapy, have been dismal. Recent improvements have come from therapies directed exclusively towards ATRT, but misdiagnosis or delays in the correct diagnosis lead to significantly worse survival rates. ATRTs most commonly occur supratentorially but have been described in virtually all central nervous system locations, including the cerebellopontine angle cistern, meninges, and spinal canal, and extradural locations. ATRTs originating from cranial nerves are rare. Here, we describe three cases of solitary ATRT arising from the 3rd cranial nerve (CN III) or close to its origin in the midbrain, all of which presented in patients within 6 months of birth, with isolated unilateral oculomotor nerve palsy and strikingly similar magnetic resonance imaging (MRI) features. These MRI features include IV contrast enhancement, relative T2 hyposignal, and restricted water diffusion on apparent diffusion coefficient images, findings which are consistent with angiogenesis and high cellularity, and hence, suggestive of malignancy. We conclude that ATRT should be placed high on the differential diagnosis list when encountering a young infant presenting with isolated, unilateral 3rd nerve palsy and a small, solitary tumor arising from CN III that demonstrates malignant conventional and diffusion-weighted imaging features on MRI.
Introduction
ATRT was originally described in 1996, and in 2000, it was added to the World Health Organization's brain tumor classification scheme as a distinct entity [1] . These embryonal tumors represent approximately 6.1 % of all CNS neoplasms in the 0-to 14-year age group and are almost as common as primitive neuroectodermal tumor (PNET) and medulloblastoma in the 0-to 2-year age group. Rarely, ATRT may also be found in adults [2, 3] .
ATRTs have been described in virtually all CNS locations, including the cerebellopontine angle cisterns, meninges, cranial nerves, spinal canal [4] [5] [6] [7] [8] [9] [10] [11] , and extradural locations [12] , as well as in locations outside the CNS (extrarenal rhabdoid tumors). Histologically, ATRTs demonstrate predominant rhabdoid tumor cells, with additional but variable components of neuroectodermal, epithelial, and mesenchymal origin [13] . However, several other tumors of embryonic origin may have a similar histologic appearance, presenting a potential diagnostic challenge [14] .
Discoveries in molecular biology have demonstrated a characteristic loss of expression of the INI1 protein (also known as BAF47, SNF5) due to inactivation of the SMARCB1 gene, which maps to the chromosomal locus 22q11.23 [15, 16] . Detection of INI1 expression loss by immunohistochemistry is now required to make a formal histopathologic diagnosis of ATRT. Prior to the advent of SMARCB1 antibodies, ATRTs were commonly (approximately 50 %) misdiagnosed, worsening the dismal prognosis of the disease. The 5-year survival rate of patients with correct initial diagnoses is more than four times higher (66.7 %) than that of those with delayed diagnosis (15.0 %) [17] , making early and confident diagnosis of ATRT critical to augmenting survival.
Preoperatively, the diagnostic workup of patients with CNS tumors relies heavily on MRI, yet our current understanding of the MRI features of ATRTs is limited and derived from relatively small series [18] [19] [20] [21] [22] [23] . ATRTs resemble PNETs or medulloblastomas by MRI, especially in their most critical T2 and DWI appearances [9, [24] [25] [26] . Inevitably, a strong radiographic suggestion of a malignant tumor will lead to a diagnostic surgery. However, occasionally ATRTs have been found as small lesions and are not recognized as being potentially malignant; these lesions are then followed until progression, thus sacrificing the opportunity for early intervention.
Here, we present and describe three cases of these tumors arising from the CN III origin, all of which presented in patients within 6 months of birth, with isolated oculomotor nerve palsy and strikingly similar MRI characteristics. ATRTs originating from cranial nerves are rare and, to our knowledge, there has been only one previously published paper describing a single case of an ATRT arising from the origin of CN III [27] . The remarkable similarity of the four cases, however, suggests that the unique combination of the epidemiologic, neurologic, and MRI features in all of them define a highly suggestive clinical-radiological constellation, the recognition of which may enable earlier, confident diagnosis of ATRT and lead to earlier initiation of therapy.
Case series
Our case series consists of three infants treated in three different pediatric hospitals. All of the patients underwent several MRI studies of the brain during the course of their disease. Imaging protocols varied, but all included T2-weighted imaging (T2WI), gadolinium contrast-enhanced T1-weighted imaging (GdT1WI), and diffusion-weighted imaging (DWI) sequences.
Retrospective review of the patients' medical files was conducted after approval and waiver-of-consent were obtained from the institutional research boards of all participating institutions. A coded data transfer agreement was signed between the institutions prior to the review of anonymized imaging data.
Patient 1
This white male patient, with unremarkable past medical and family history, initially presented to an outside hospital emergency department at the age of 5.5 months with rightsided ptosis and exotropia. Initial MRI examination was performed and was originally interpreted as being negative for disease. Shortly after presentation, the patient's dysconjugate gaze worsened, and he was referred to ophthalmology. This led to a review of the previously performed MRI, revealing a subtle signal abnormality of the anterior right cerebral peduncle, and a repeat MRI with contrast confirmed that a small 6-mm mass was present at the right 3rd cranial nerve origin (Fig. 1a, b) . Routine 6-week follow-up of the lesion was recommended.
Symptoms quickly progressed to complete CN III palsy with emesis at feedings, and a second opinion was obtained. This led to a repeat MRI approximately 1 month after original presentation, which demonstrated interval growth ( Fig. 1c-f ). Open surgical biopsy was performed, which revealed a thick fibrous lesion adherent to the CN III origin and adjacent neurovascular structures, precluding complete excision. Pathology findings were consistent with ATRT.
After surgery, the patient underwent four cycles of combination chemotherapy and subsequent proton beam therapy. Repeat MRI was obtained approximately 8 months after presentation, which showed interval progression. The patient died at the age of 14 months.
Patient 2
This female patient was born at term after an uneventful pregnancy and delivery, with unremarkable family history. Fig. 1 MRI images of patient 1. a, b Initial MRI at presentation. a Axial T2-weighted image through the level of the midbrain shows a small, solid, iso-to hypo-intense mass (arrow) at the expected location of the CN III origin in the anteromedial aspect of the right cerebral peduncle. b Axial postcontrast T1-weighted image shows slightly heterogenous but avid enhancement of the lesion (arrow). c-f Follow-up MRI 1 month after presentation. c Axial T2-weighted image shows interval growth of the mass. Note the increased mass effect on the P2 segment of the right PCA, which lies anterior to the mass. d Axial postcontrast T1-weighted image clearly demonstrates interval increase in the size of the tumor. e Axial DWI shows a relative increase in signal around the periphery of the lesion, with relative iso-intensity towards the center of the mass. f Axial ADC map shows slightly decreased signal within the mass, confirming restricted water diffusion and suggesting internal hypercellularity
The infant developed mild ptosis of the left eyelid around the 25th day after birth. Subsequently, the patient was seen by an ophthalmologist who diagnosed left oculomotor nerve palsy, prompting an MRI examination that revealed a small nodular lesion along the left 3rd cranial nerve, which was believed to be a schwannoma (Fig. 2a, b) .
A repeat MRI was performed after hospital admission of the patient at the age of 2 months, confirming the lesion's presence. Because of the age of the patient and the surgical risk associated with possible surgical removal of the lesion, further observation was decided upon. During the following month, the patient presented with seizures, abnormal eye movements, pallor, cyanosis, and hypotonia. The seizure episodes rapidly worsened, reaching 10-15 episodes per day. A follow-up MRI study of the patient at 14 weeks of age showed marked interval growth and extension towards the temporal lobe (Fig. 2c, d ). Leptomeningeal metastatic dissemination was also seen in both the supratentorial compartment and in the lumbosacral spinal canal.
A week later, the patient underwent surgery that achieved partial tumor removal only. The histopathologic diagnosis was atypical teratoid rhabdoid tumor. 1 week after surgery, chemotherapy was initiated, but at the end of the 3rd cycle of the induction phase, the child presented with clinical and further radiological evidence of progression and died at the age of 5.5 months.
Patient 3
This female patient was born at term to non-consanguineous parents after an uncomplicated delivery. Her family history was unremarkable, and she had normal psychomotor development. At the age of 5 months, she presented with acute onset of ptosis of the right eye. Neurological examination revealed right 3rd cranial nerve palsy with ptosis, ophthalmoplegia, and non-reactive mydriasis.
The first MRI examination of the brain was performed within 48 h after the clinical onset and revealed a small mass involving the right cerebral peduncle, with extension towards the interpeduncular cistern between the right posterior cerebral artery (PCA) and right superior cerebellar artery (SCA) along the cisternal course of the 3rd cranial nerve. The lesion was hypointense on T2WI, showed a low ADC, and avidly enhanced after IV contrast injection (Fig. 3a, b) .
Follow-up MRI of the brain was performed 1 week later and showed a mild increase of the exophytic component of the lesion (Fig. 3c, d) . A total-body computed tomography (CT) scan was performed a few days later and did not reveal any additional pathologic findings.
Another follow-up MRI examination of the brain was performed 1 month after the initial diagnostic imaging workup and revealed further increase of the primary lesion as well as perineural (along the 5th, 6th and 7th cranial nerves) and leptomeningeal (along the superior surface of the left cerebellar hemisphere) metastatic dissemination (Fig 3e, f) .
The final MRI examination of the brain and spine occurred a few days later and showed additional seeding along the spinal cord, cauda equina roots, and hydrocephalus (Fig 3g, h ) Another 10 days later, a surgical biopsy was performed on one of the cauda equina lesions; histopathologic findings, including immunohistochemistry, were consistent with ATRT.
The first two cerebrospinal fluid (CSF) cytology examinations (one at 2 days after onset of the clinical signs and symptoms and one at 2 weeks after onset) were normal, but the third CSF examination (at 6 weeks after onset) revealed the presence of neoplastic cells. The patient died at the age of 15 months.
Results
The parents of all of our infant patients initially sought medical attention for neurological signs and symptoms suggestive of oculomotor nerve palsy. The patients' demographic, imaging, and most relevant clinical data are summarized in Table 1 .
On initial MR imaging, all three patients had a mass lesion arising from the CN III adjacent to the anterior aspect of one of the cerebral peduncles (two right, one left) between the ipsilateral P1 and P2 segments of the posterior cerebral artery and the proximal segment of superior cerebellar artery (Fig. 1) . In two patients (patients 1 and 3), the lesions also involved the midbrain.
The masses were initially small (measuring 4-6 mm diameter) and were predominantly solid. The masses demonstrated variable but near-isointensity on T1-weighted images and iso-or relative hypointensity on T2-weighted images (Figs. 1, 2 ) with respect to adjacent brainstem parenchyma. Avid contrast enhancement was present in all of the cases (Figs. 1, 3) . ADC maps showed decreased signal within the tumors, consistent with restricted diffusion, suggesting increased cellular density (Figs. 1, 3) . In all cases, the initial diagnosis was benign nerve sheath tumor; hence, monitoring was adopted as a management strategy.
Short-interval follow-up MRI showed an increase in size (Figs. 1, 2, 3 ) with corresponding development of a few areas of cystic/necrotic changes (Fig. 2) . No abdominal or renal masses to suggest synchronous malignant rhabdoid tumor were identified on ultrasonography or CT in the two patients (patients 1 and 3) who underwent total body imaging workup.
No evidence of CSF dissemination of tumor was present on any of the initial MRI examinations, but all patients developed leptomeningeal seeding later during the course of the disease (Fig. 3) . Leptomeningeal dissemination occurred as early as 23 days after initial MRI in one of our cases.
Open surgery was performed on all three of the participants. Histopathologic analysis led to a diagnosis of ATRT in each case. The sample from patient 1 demonstrated significant atypia, with characteristic loss of SMARCB1 expression (Fig. 4a) . Additional immunostains in samples from that patient were positive for cytokeratin (CAM5.2), and Ki67/MIB-1 testing showed a high mitotic index. A comprehensive analysis of the patient's germline DNA derived from blood lymphocytes found no SMARCB1 mutation, suggesting that the loss of SMARCB1 in the tumor was somatically acquired. In patient 2 hematoxylineosin stained sections showed hypercellular tumor dominated by rhabdoid cells with eccentric nuclei and eosinophilic cytoplasm. The specimen demonstrated loss of INI-1 immunoreactivity in tumor cells, but retained staining in the vascular elements (Fig. 4b) . The tumor was also immunoreactive for cytokeratin and smooth muscle actin.
(not shown). In patient 3 the neoplasm consisted of (Fig. 4c) .
Immunohistochemical analysis also demonstrated immunoreactivity for EMA (epithelial membrane antigen) and vimentin (not shown).
After the diagnosis was established, all of the participants underwent treatment with combination chemotherapeutic regimens based on protocols within their respective institutions. One of the patients (patient 1) underwent proton beam radiotherapy. Despite treatment, disease progression occurred rapidly, and all of the patients died within 10 months. Mean survival time after presentation was 7.5 months, with a range of 4.5-10 months.
Discussion
This case series presents 3 ATRTs in the unique location of the CN III (at or close to its origin from the midbrain) in infants presenting with isolated oculomotor nerve palsy. All were clinically identified early on due to focal neurological signs, but diagnosis was delayed due to failure to recognize the lesions as malignant. The imaging findings were nearly identical in each case and include the following: variable but near iso-intensity on T1-weighted images, relative hypointensity on T2-weighted images, marked contrast enhancement, and intrinsic diffusion restriction. All of the masses were predominantly solid at presentation. As the tumors grew in size, T2-hyperintense cystic changes developed, consistent with areas of spontaneous or therapy-induced necrosis. Overall, these imaging findings are consistent with those found in ATRT in other, more common, CNS locations [6, 9, 10, [12] [13] [14] . Outcomes in ATRT, even with extensive multimodal therapy, have historically been dismal; however, recent improvements in this area have come from therapies directed exclusively towards ATRT. This strategy of treating ATRT as an entity separate from other infantile brain tumors highlights the importance of making a timely and correct diagnosis. However, although diagnostic tests of tumor specimens have radically improved the ability to post-operatively identify ATRT, these tumors are not readily recognized preoperatively, especially when small. It is in this early stage of the disease that an intervention may be of greatest benefit.
Differential diagnostic considerations for a focal exophytic-appearing mass at or adjacent to the CN III origin are quite limited. Low-grade astrocytomas/gliomas can be avidly enhancing and have an exophytic appearance in the brainstem, but these are often located dorsally in the medulla oblongata and are also hyperintense on T2-weighted images with increased water diffusion [28, 29] .
In young infants, schwannomas involving CN III occur but are very rare in the absence of neurofibromatosis (NF) type 2 [30] [31] [32] . All three of our cases were initially misdiagnosed after imaging as being schwannomas (leading to short-term follow-up imaging rather than immediate, moreaggressive treatments) although none of our cases demonstrated additional lesions or clinical stigmata to suggest an underlying diagnosis of NF. A review of the recent literature shows that approximately 41 cases of isolated CN III schwannoma have been reported, of which 12 presented in the pediatric population [31] . However, none of those patients were younger than 6 months, and only three patients were younger than 3 years at diagnosis [32] [33] [34] . Although two of these three cases were later diagnosed as benign CN III schwannoma, one of these occurred in a 15-month-old patient who was eventually found histopathologically to have malignant schwannoma, which is now known as malignant peripheral nerve sheath tumor (MPNST) and whose location and certain imaging characteristics, including enhancement and restricted diffusion, are similar to those in our case series [34] . However, in that case, neither T2 images nor pathologic results were available for comparison or review. Also, MPNST affecting the cranial nerves is extremely rare, with approximately 19 cases present in the literature, and only one other case, in an adult, has ever been described to involve CN III [33, 35, 36] . Therefore, the aforementioned case is the only known oculomotor MPNST in a child [34] .
Diffusion-weighted imaging is helpful in identifying both low-grade astrocytoma and benign schwannoma, which should not have the restricted diffusion seen in both ATRT and MPNST [37] .
Due to the eloquent location of the tumors at the CN III origin, the resultant initial neuroophthalmological signs and symptoms were very focal and unequivocal and were remarkably similar to those reported previously [27] . The small size of the ATRTs in our series at initial diagnosis is in stark contrast to the sizes found in previous literature reports in which the average size of the largest tumor diameter was approximately 3.6-3.9 cm at presentation [14, 38] . Additionally, other data suggest that gross total resection may lead to increased patient survival; hence, when possible, aggressive surgical resection should be performed [39, 40] . Unfortunately, due to the brainstem location and adjacent vascular structures, total resection was not attempted or feasible, likely explaining the uniformly poor outcome in our cases.
In conclusion, ATRTs are commonly misdiagnosed initially, further exacerbating the dismal prognosis of the disease. Therefore, early, accurate diagnosis of this disease is critical. Awareness of the highly consistent and characteristic clinical and imaging pattern we have described here should facilitate such improvements in diagnosis. In an infant (typically \6 months of age) presenting with isolated unilateral oculomotor nerve palsy, an enhancing tumor arising from the CN III adjacent to the midbrain that exhibits hypointensity on T2-weighted images and reduced water diffusion should be considered to be strongly suggestive of ATRT as a diagnosis. MPNST, though exceedingly rare (especially in infants and absent NF2), may appear similar and may have a better prognosis; underscoring the need for immediate biopsy, with excision if and when feasible.
